Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G36703.1 earthquake. The combination of crustal reverse faults and a curved subduction margin also 23 occurs in Cascadia and northeastern Japan, indicating two additional localities where great 24 megathrust earthquakes may be triggered by upper plate fault activity.
INTRODUCTION 26
Two recent great subduction earthquakes (2010 M W 8.8 Maule and 2011 M W 9.1 27 Tohoku-Oki) and associated upper plate aftershocks have underscored the importance of crustal 28 faulting triggered by megathrust events (Aron et al., 2013; Toda and Tsutsumi, 2013) . However, 29 the possibility that a foreshock on an upper plate fault might contribute to triggering a subduction 30 great earthquake has never been clearly documented. On April 1, 2014, the M W 8.1 Pisagua 31 earthquake broke the central section of the Iquique Gap, a segment of the Nazca-South America 32 subduction zone that last ruptured in an estimated M W 8.7-8.9 event in 1877 (e.g., Comte and 33 Pardo, 1991) . The 2014 earthquake was preceded by 13 months of seismic activity (Schurr et al., 34 2014), which intensified following the March 16 M w 6.7 earthquake offshore the town of 35
Pisagua. Over the next 16 days, foreshocks progressively migrated toward the position of the M w 36 8.1 mainshock. 37
The M W 6.7 earthquake, the largest foreshock (Hayes et al., 2014; Schurr et al., 2014) , is 38 significant for two reasons: its location in the upper plate and the orientation of the nodal planes, 39 which deviate significantly from the megathrust strike, as given in the USGS Slab1.0 model 40 (Hayes et al., 2012; Ruiz et al., 2014 ). Yet, to date, the role that the M W 6.7 played in the 41 intensification of foreshock activity has not been discussed in detail in the analyses of the PES 42 reverse faulting earthquake was the principal, if not the initial, trigger of subsequent foreshock 46 activity on the megathrust that led to the M W 8.1 mainshock. We use geologic and seismic data 47 to illustrate that margin-oblique, upper plate reverse faulting is widespread in the northern 48
Chilean forearc, likely related to the bending of the orocline (Allmendinger et al., 2005) , and in 49 this case led to a great earthquake on the megathrust. 50
MARGIN PARALLEL SHORTENING 51
Within a 250 km-long segment (19.2º-21.6ºS), numerous kilometer-scale, margin-52 oblique active reverse faults cut the forearc overlying the concave-seaward portion of the 53 Andean subduction zone ( Fig. 1 ; Allmendinger et al., 2005) . At at least four sites along the 54 coastline, reverse faults offset Quaternary marine terraces ( Fig. DR1 ) and cumulative vertical 55 offset of Mio-Pliocene surfaces by single reverse faults reaches 500 m. Strikes of these reverse 56 faults vary between 065º and 135º ( Fig. 1j ), and slickenlines are oriented mainly subparallel to 57 the dip direction, indicating the prevalence of reverse motion. Using fault plane and slickenline 58 orientations, we estimate a mean shortening axis (P-axis) for these faults as subhorizontal, 59 trending 173º, and a subvertical extension axis (T-axis) ( Fig. 1i ). Kinematic data for single 60 structures show moderate scatter of P and T axes, controlled mainly by variation in fault strike. that three earthquake clusters punctuated the background seismicity since at least ten months 73 before the mainshock. The pattern of decreasing of seismicity rate was interrupted immediately 74 after the M w 6.7 event, which represents the peak of foreshock activity ( Fig. 2a ). 75
We relocated M w > 4 foreshocks that occurred between March 16 and March 31 using the 76 codes NonLinLoc (Lomax et al., 2000) and HypoDD (Waldhauser and Ellsworth, 2000). The 77 relocation reveals clustering of seismicity at two depths: 1) < 20 km (including the M w 6.7 78 earthquake), inside the upper plate, and 2) on the interplate contact ( Fig. 2b) . Just a few hours 79 after the M W 6.7 event, the majority of seismicity migrated to the plate interface, but sporadic 80 upper plate events also took place until at least April 15. Our relocated distribution of foreshock 81 latitudes shows that after the M w 6.7 event, seismicity on the plate interface migrated northward 82 parallel to slab strike at ~3.3 ± 0.33 km/day and down dip at ~1.3 ± 0.2 km/day toward the 83 position of the April 1 M W 8.1 event (Fig. DR2 ). The total migration distance of foreshocks is 84 ~49 km along a line of trend and plunge 004º, 08º. 85
FOCAL MECHANISM ANALYSIS AND REGIONAL STRUCTURES 86
Focal mechanisms for the M W 6.7 earthquake were reported by the USGS, Global CMT, 87 and GEOFON-GFZ agencies (Table DR1 ). We derived our own focal mechanism based on 88 moment tensor inversion from waveform analysis. All available focal mechanisms feature two 89 nodal planes oriented obliquely to the local 341° strike of the megathrust. The average Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G36703.1 Page 5 of 14 dipping nodal plane is oriented 128°, 68°W, with a P-axis of trend and plunge 213º, 27º ( Fig. 1a ). 92
The 64 summed moment tensors available for the vast majority of foreshocks after the M W 6.7 93 yield a composite focal mechanism with the low-angle plane oriented 342°, 16°E, which is 94 within 5° of the local strike and dip of the subduction zone from Slab 1.0. 95
Scaling laws of Wells and Coppersmith (1994) suggest a source fault 36 km along strike 96 and 14 km down dip for the M W 6.7 upper plate event. The small dimensions of the reactivated 97 fault preclude a direct connection to any mapped onshore structures. However, the orientations 98 of the two nodal planes of the M w 6.7 event are consistent with the strikes of reverse faults 99 onshore ( Fig. 1i, 1j ), as well as nodal planes of past crustal seismicity ( Fig. 1e-g ). Therefore we 100 suggest that the M w 6.7 earthquake may have reactivated a continuation of a structure similar to 101 those documented onshore. 102
STATIC STRESS CHANGE ANALYSIS 103
We use static stress change calculations to explore the relationship between the upper 104 plate M W 6.7 earthquake and seismicity on the subduction megathrust. First, we calculated (using 105 algorithms of Meade, 2007) the cumulative Coulomb stress change (CSC) imparted on the upper 106 plate fault by the July 2013 and January 2014 earthquake clusters identified by Schurr et al. 107 (2014) and found that they induced a very small CSC (< 0.003 bars, or 300 Pa). 108
Subsequently, we focused on the possibility that the M W 6.7 event triggered seismicity on 109 the plate boundary that ultimately migrated toward the M W 8.1 earthquake. We calculated the 110 distribution of static CSC induced on the subduction interface by the M W 6.7 earthquake and 111 compared that to our relocations of subsequent megathrust foreshocks. We modeled each nodal 112 plane of the M W 6.7 event as a rectangular source fault using empirical scaling laws (Wells and the local up-dip direction, generated by the north-dipping nodal plane contain 51% of the 116 NonLinLoc-located aftershocks in the first 24 h after the M W 6.7 event, while positive CSC 117 zones calculated using the south-dipping plane contain 36% of these events (Figs. 3, DR8) . 118
However, regions of positive normal stress (unclamping) on the megathrust contain up to 84% 119 (for the north-dipping plane; 74% for the south-dipping plane) of these events, suggesting that 120 reverse slip on either plane unclamped the megathrust (Figs. 3a and DR6) Geologic and seismic data show that the area around the PES is characterized by margin-131 parallel upper plate shortening, which is expressed on short timescales in seismic records and on 132 neotectonic timescales in the geology. This deformation regime is consistent with the obliquity 133 of the nodal planes of the upper plate M w 6.7 foreshock relative to the strike of the megathrust, 134 with remarkable similarity between the kinematics inferred for this earthquake and those of the 135 onshore seismicity and geologic fault plane analysis (Fig. 1) . In particular, the P-axis of the M w Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G36703.1 Page 7 of 14 earthquakes previously detected in the area (Fig. 1i ). Therefore we conclude that the M w 6.7 138 event represents the reactivation of one of the trench-oblique upper plate reverse faults common 139 in this part of the forearc. 140
Recent work has suggested that during the PES, the megathrust was gradually unlocked 141 by a propagation of long-term precursory events (Schurr et al., 2014) . Our stress change analysis 142 shows that the March 16 M W 6.7 foreshock unclamped the megathrust, triggering the subsequent 143 migrating sequence of foreshocks. Similar analysis indicates that the foreshocks before the 144 middle of March did not transfer significant stress from the megathrust to the upper plate fault. 145
Additionally, the stress perturbation on the megathrust due to earthquake clusters prior to mid-146
March was localized compared to that promoted by the M W 6.7 earthquake and subsequent 147 events (Fig. 3) . Therefore, we conclude that the occurrence of the M W 6.7 earthquake primarily 148 represents accommodation of trench-parallel shortening, and that the final conditioning of the 149 megathrust in generating the great M W 8.1 event was strongly influenced by the upper plate 150 deformation regime. A key requirement of this process is the synchronicity of the earthquake 151 cycles on the upper plate fault and the megathrust. If the megathrust had not yet reached a mature 152 state in its interseismic period, then the stress conditions on it may not have been suitable to 153 produce a major rupture under the loading increment imposed by the upper plate faulting event. 154
In the Iquique Gap, 137 years had elapsed since the last great earthquake, representing a 155 complete interseismic period (e.g., Comte and Pardo, 1991) . 
CONCLUSIONS 174
We suggest that the April 1, 2014 M w 8.1 Pisagua subduction earthquake was mostly 175 triggered by the March 16 M w 6.7 foreshock on an upper plate reverse fault southwest of the 176 mainshock epicenter. We show that static unclamping of the megathrust produced by the upper 177 plate earthquake is likely the dominant mechanism that led to the subsequent foreshock-178 mainshock sequence. Following this main precursory event, progressive stressing of the 179 subduction interface by the northeastward migration of additional foreshocks on the megathrust 180 culminated in the partial rupture of the Iquique Gap. The recent experience in northern Chile 181 indicates that, when assessing seismic hazard, earthquakes on upper plate faults should be taken Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G36703.1 Page 9 of 14 but also as possible triggering mechanisms for great earthquakes on the subduction zone 184 interface. 185
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